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Glutathione-S-transferase (GST) fusion protein expression vectors are used widely for the high-level expression and subsequent purification of proteins in Escherichia coli (1, 2) . Glutathione Sepharose-bound GST fusion proteins can be eluted competitively by using reduced glutathione without affecting the antigenicity and functional activity of recombinant proteins. After the chimeric molecule has been isolated, it is often necessary to remove the "tag" prior to the use of the expressed protein of interest. Tag removal is typically achieved by the use of specific proteases such as thrombin or factor Xa. Although these proteases are considered specific for cleavage at the inserted cleavage site, proteolysis can frequently occur at other site(s) in the protein of interest (3) . Additionally, relatively extended incubation times (4-16 h) are required for efficient cleavage by thrombin or factor Xa. Labile proteins may lose their activity during such prolonged incubation periods. Therefore, the availability of an expression vector containing a cleavage site, which is rare in naturally occurring proteins, that can yield cleaved product in a relatively short period (less than 1 h) is highly desirable. The protease used for the removal of GST remains as a contaminant in the protein preparation. A purification system that allows for the removal of the protease after cleavage of the tag would also be highly useful.
Cysteine-dependent aspartatespecific proteases (caspases) are known to be very efficient proteases, with defined substrate specificity (4). The recognition sequences for all caspases are relatively small, four amino acid sequences with aspartate at the last (P1) position (5) . We therefore reasoned that engineering a caspase site may be useful in the removal of the GST tag in an efficient manner. Caspase-6 was chosen because, to date, only 10 naturally occurring proteins have shown that they are cleavable by caspase-6. Caspase-6 has been cloned, affinitypurified, and characterized extensively (6) . Additionally, the hexahistidine (his 6 ) tag fused with the recombinant caspase-6 could also be utilized for its removal from the protein of interest by passing through a HiTrap™ Chelating HP nickel-affinity column (1 mL; Amersham Biosciences, Piscataway, NJ, USA).
To test whether the caspase-6 cleavage site can work in a more efficient manner than the typically employed thrombin cleavage site, we engineered a caspase-6 site downstream of the thrombin cleavage site in the pGEX-4T-2 vector (Amersham Biosciences). Two oligonucleotides, casp6-F and casp6-R, were designed (Table  1) , which, upon annealing, generated a short synthetic DNA fragment. This fragment included the recognition site for caspase-6 and preserved a downstream BamHI site upon ligation into the BamHI-digested pGEX-4T-2 expression vector. The codon usage in E. coli was considered when we designed the oligonucleotide (www.kazusa.or.jp/ codon/E.html). The annealed oligonucleotides were phosphorylated at the 5′ ends and ligated with the BamHIdigested, dephosphorylated pGEX-4T-2 vector, which was then used to transform competent E. coli strain DHα cells (Invitrogen, Carlsbad, CA, USA). Transformants were screened by PCR using the casp6-F primer and a pGEX-4T-2 vector-specific reverse primer, pGEX-3′ (Table 1) . After confirmation of the sequence of the multiple cloning site (MCS) and caspase-6 site, we named the modified pGEX-4T-2 vector the pC6-2 vector (Figure 1) .
We subcloned the cDNA encoding the N-terminal region of special ATrich binding protein 1 (SATB1) into the pC6-2 vector (pC6-2-PDZ) to demonstrate the utility of our vector/ caspase-6 system in the expression and purification of proteins with internal thrombin cleavage sites. SATB1 is a Tcell-specific nuclear matrix attachment region (MAR) binding protein that contains an N-terminal PDZ-like domain essential for its dimerization and DNA binding activity (7) . Our initial attempt at purification of this domain (amino acids 1-204) by expressing it as GST fusion protein and then cleaving it using thrombin was unsuccessful due to the presence of an internal thrombin cleavage site. For cloning into the pC6-2 vector, the N-terminal region of SATB1 encoding 204 amino acids was amplified by using a 5′ BamHI-F and 204 BamHI-R primer pair (Table 1) from full-length human SATB1 cDNA cloned in pBluescript ® (Stratagene, La Jolla, CA, USA) as template (pAT1146; Reference 8) under appropriate PCR conditions. After digestion of the PCR product with BamHI, it was ligated into BamHI-digested and dephosphorylated pC6-2 vector. The orientation of the fragment was confirmed by automated DNA sequencing. We also subcloned cDNA encoding the N-terminal region of p53 into the pC6-2 vector, which, unlike SATB1, is a non-native substrate of caspase-6 and bears no internal thrombin cleavage sites. This N-terminal domain of P53 is reported to be a substrate for the ATM kinase (9) . The 303-bp BamHI-EcoRI DNA fragment of pGEX-2T-p53 encoding 101 N-terminal amino acid residues of p53 was subcloned into the BamHIEcoRI double-digested pC6-2 vector. The constructs pGEX-2T-p53, pC6-2-PDZ, pC6-2-p53, and pC6-2 were used to transform competent E. coli
GST fusion vector with caspase-6 cleavage site for removal of fusion tag during column purification
Prabhat Kumar Purbey 1 , P. Cyril Jayakumar 1 , P.D. Deepalakshmi 2 , Milind S. Patole 1 , and Sanjeev Galande 1 BENCHMARKS strain XL1 blue cells (Stratagene). One colony from each was grown for 16 h in 5 mL Luria-Bertani (LB) media supplemented with 50 µg/mL ampicillin, and the next day 1 mL culture was inoculated into 250 mL prewarmed LB media supplemented with 50 µg/ mL ampicillin. Induction of protein expression was carried out at A 600 = 0.8 by adding isopropyl-β-d-thiogalactopyranoside (IPTG) at 0.5 mM. The cells were grown for 3 h and harvested by centrifugation at 4000× g for 10 min at 4°C and resuspended in buffer A [50 mM Tris-HCl, 150 mM NaCl, 0.2% Triton ® X-100, and 1 mM dithiothreitol (DTT)]. Soluble cell lysate was then prepared by sonication followed by centrifugation at 13,250× g for 20 min. The soluble supernatant and insoluble pellets were checked for the presence of fusion protein. The GSTC6, GST-p53, and GSTC6-p53 proteins were found in soluble fraction whereas the GSTC6-PDZ was present in insoluble fraction. The level of expression of GSTC6, GST-p53, and GSTC6-p53 was in the range of 4-5 mg/L whereas that of GSTC6-PDZ was 7-8 mg/L. The GSTC6-PDZ was solubilized in 0.3% sarcosyl, followed by extensive dialysis in buffer A. Approximately 70% of the protein was refolded and solubilized in buffer A whereas the remaining 30% precipitated as aggregates. Two hundred microliters Glutathione Sepharose™ 4B beads (Amersham Biosciences) were incubated separately with 4 mL each of sarcosyl solubilized and 0.3 mg dialyzed GST-PDZ, and soluble lysates of 0.2 mg GSTC6, 0.2 mg GST-p53, and 0.2 mg GSTC6-p53 in separate tubes. Sample and Glutathione Sepharose beads were incubated for 30 min at 4°C with proper mixing.
The protein-bound beads were packed separately in 3× 2 mL Econo-Pac ® columns (Bio-Rad Laboratories, Hercules, CA, USA) and washed three times with buffer A. One column of each sample was used to elute the GST fusion proteins by passing 200 µL 10 mM reduced glutathione (Sigma, St. Louis, MO, USA) whereas the second and third columns were used to perform caspase-6 and thrombin (Sigma) cleavage, respectively.
His 6 -tagged caspase-6 was expressed and purified essentially as previously described (6), except that the his 6 -tagged caspase-6 preparation was passed twice over the nickelaffinity column to minimize contaminants. The processed and purified caspase-6 has two subunits ( Figure 2A , lane 4). Thrombin used for cleavage originated from human plasma (Sigma). To compare the homogeneity of thrombin preparation with caspase-6, we resolved 0.5 µg thrombin using 18% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and detected by staining with Coomassie ® blue. We observed a single protein band of approximately 33 kDa ( Figure 2A , lane 2) and no other detectable protein contaminants in this commercial preparation, which suggests that the purity of the two proteases used in this study is comparable. Different molar ratios of purified caspase-6 enzyme to substrate GSTC6-PDZ (ranging from 1:50 to 1:1000) were employed to optimize the maximum cleavage at minimum enzyme concentration in vitro. We found that a 1:500 molar ratio of caspase-6 to substrate (GST-PDZ) was optimal for both the proteins tested. Higher amounts of enzyme achieved cleavage in a shorter time without affecting the specificity of cleavage. To confirm that the cleavage can be efficiently performed on column, 50 µg Glutathione Sepharosebound GSTC6-PDZ, GSTC6-p53, and GST-p53 proteins were cleaved by incubating 100 ng recombinant caspase-6 for 30 min in 100 µL caspase buffer (20 mM PIPES, 100 mM NaCl, 10 The cleaved product was eluted using an additional 100 µL of the respective cleavage buffers. Beads were then washed twice with buffer A, and the column-bound GST was eluted using 10 mM reduced glutathione in buffer A. The cleavage products or eluted proteins were analyzed using SDS-PAGE followed by Coomassie staining (Figure 2 ). We observed that the Nterminal domains of both SATB1 and p53 migrated anomalously on SDS-PAGE with or without the GST tag. The column-bound GSTC6-PDZ, GSTC6-p53, and GST-p53 fusion proteins were cleaved with caspase-6 ( Figure 2D , lane 6) less efficiently as judged by the retention of the bands corresponding to full-length fusion proteins. Moreover, cleavage of the PDZ-like domain of SATB1 using thrombin predominantly generated low molecular weight products ( Figure  2B , lane 5) due to the presence of an internal thrombin cleavage site. To compare the specificity of cleavage, we incubated the purified GSTC6-PDZ fusion protein separately with thrombin or caspase-6 in vitro. Cleavage of GSTC6-PDZ by caspase-6 was highly efficient and generated only two species, as expected (corresponding to PDZ and GST proteins; Figure 2B , lane 6). However, cleavage of GSTC6-PDZ by thrombin was incomplete and generated additional low molecular weight products ( Figure 2B, lane 4) . Amino acid sequence analysis of the N-terminal region of SATB1 using the online ExPASy tool (au.expasy. and purified caspase-6. Thrombin (0.5 µg) and an aliquot corresponding to 1 µg of 2× nickel-affinity column-purified caspase-6 were resolved on an 18% and 15% SDS polyacrylamide gel (lanes 2 and 4), respectively, along with molecular mass standards (M; lanes 1 and 3), and visualized by staining with GelCode ® Blue reagent (Pierce Biotechnology, Rockford, IL, USA). The two subunits of caspase-6 are indicated as p19 and p14. (B) Analysis of GSTC6-PDZ fusion protein (lane 2) treated with caspase-6 or thrombin before (lanes 3 and 5, respectively) or after (lanes 6 and 4, respectively) elution from the Glutathione Sepharose affinity column using caspase-6 buffer or phosphate-buffered saline (PBS). Proteins were resolved using 12% SDS-PAGE. Lane 1, protein standards. Relative positions of bands corresponding to full-length and cleaved proteins. (C) Caspase-6 and thrombin do not cleave GST nonspecifically. A control experiment was performed in which column-purified GST was incubated with buffer alone (lane 2), or caspase-6 for 16 h at 37°C in caspase buffer (lane 3), or thrombin for 16 h at 37°C in thrombin cleavage buffer (lane 4) and resolved using 18% SDS-PAGE as described above. (D) Comparative analysis of on-column cleavage by caspase-6 and thrombin using a non-natural substrate of caspase-6. The N-terminal domain of p53 was expressed as GSTC6-p53 or GST-p53 fusion proteins that were then treated with caspase-6 or thrombin after binding to the Glutathione Sepharose affinity column. Lane 1, protein mass standards; the intact GSTC6-p53 and GST-p53 fusion proteins were eluted using reduced glutathione (lanes 2 and 5, respectively), or after on-column cleavage by caspase-6 (lanes 3 and 7, respectively), or by thrombin (lanes 4 and 6, respectively). For the second gel of Figure 2A and for Figure  2D , unstained Precision Plus Protein™ standards (Bio-Rad Laboratories) were used, whereas for all other gels, Precision Protein standards (Bio-Rad Laboratories) were used.
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org/tools/peptidecutter/) confirmed the presence of an internal thrombin cleavable site. To rule out any nonspecific protease activity and demonstrate that caspase-6 or thrombin could not cleave at any other sites, 2.5 µg purified GST were incubated in caspase buffer without the addition of any enzyme or with the addition of 15 ng caspase-6 in a 50-µL reaction. Independently, 2.5 µg pure GST were also incubated with 0.1 U thrombin in 50 µL thrombin cleavage buffer. Additionally, Glutathione Sepharose-bound GST-p53 was incubated with caspase-6 in caspase buffer. GST remained intact even after prolonged incubation of 16 h at 37°C with caspase-6 ( Figure 2C , lane 3) and thrombin ( Figure 2C , lane 4), ruling out any nonspecific cleavage of GST by these two enzymes. GST-p53 was not cleaved on column upon incubation with caspase-6, as evidenced by the absence of any stainable band in the eluate ( Figure 2D , lane 7), further confirming that the caspase-6 preparation was devoid of any nonspecific protease activity. To unequivocally confirm that the cleavage by caspase-6 occurred specifically after the aspartate in the recognition site, we measured the molecular weights of the purified p53 N-terminal fragment and the PDZ-like domain of SATB1 using a liquid chromatography electrospray ionization (LC-ESI) mass spectrometer (UltraFlex 3000; Bruker Daltonics, Bremen, Germany). The experimental masses (12414.3 and 24596.11 Da, respectively) were in agreement with the calculated masses (12416.8 and 24597.99 Da, respectively) for both proteins, which confirmed that the cleavages occurred at the desired position. Thus, the pC6-2 novel expression vector system can be used for efficient on-column removal of GST tag from fusion proteins. The reaction is very efficient, and cleavage can be performed using catalytic amounts of caspase-6 and, in as short a time as 30 min, enable rapid purification. We have also demonstrated the utility of this system for cleavage of the GST tag from refolded GSTC6-PDZ. Additionally, the cleaved protein of interest could be obtained free of the contaminating caspase-6 by passing it through a nickel-affinity column. The availability of such vectors will facilitate expression and purification of a large number of proteins that otherwise contain internal sites for proteases typically used for the removal of fusion tags.
